Vibronic coupling in solid C 60 has been investigated with a combination of resonant photoemission spectroscopy ͑RPES͒ and resonant inelastic x-ray scattering ͑RIXS͒. Excitation as a function of energy within the lowest unoccupied molecular orbital resonance yielded strong oscillations in intensity and dispersion in RPES, and a strong inelastic component in RIXS. Reconciling these two observations establishes that vibronic coupling in this core hole excitation leads to predominantly inelastic scattering and localization of the excited vibrations on the molecule on a femtosecond time scale. The coupling extends throughout the widths of the frontier valence bands. DOI: 10.1103/PhysRevB.72.205414 PACS number͑s͒: 79.60.Jv, 33.60.Ϫq, 68.43.Fg, 73.22.Ϫf Molecular solids based on aromatic molecules and their derivatives are being studied widely and exploited for their great potential in electronic devices. [1] [2] [3] [4] Thanks to their relatively simple electronic structure, C 60 compounds have been studied heavily and can be considered as prototypes for these aromatic solids. One aspect of interest is the vibronic coupling in these systems, since this is relevant for a range of interesting processes, including femtochemistry, 5 molecular dissociation, 6 and superconductivity.
Vibronic coupling in solid C 60 has been investigated with a combination of resonant photoemission spectroscopy ͑RPES͒ and resonant inelastic x-ray scattering ͑RIXS͒. Excitation as a function of energy within the lowest unoccupied molecular orbital resonance yielded strong oscillations in intensity and dispersion in RPES, and a strong inelastic component in RIXS. Reconciling these two observations establishes that vibronic coupling in this core hole excitation leads to predominantly inelastic scattering and localization of the excited vibrations on the molecule on a femtosecond time scale. The coupling extends throughout the widths of the frontier valence bands. Molecular solids based on aromatic molecules and their derivatives are being studied widely and exploited for their great potential in electronic devices. [1] [2] [3] [4] Thanks to their relatively simple electronic structure, C 60 compounds have been studied heavily and can be considered as prototypes for these aromatic solids. One aspect of interest is the vibronic coupling in these systems, since this is relevant for a range of interesting processes, including femtochemistry, 5 molecular dissociation, 6 and superconductivity. 7 For isolated molecules, such coupling can be explained theoretically in great detail, 8 and resolved experimentally down to a femtosecond time scale. 9 For molecular solids, however, such dynamics become more difficult to access. Studies on isolated C 60 molecules have established that there is stronger vibronic coupling to a hole in the highest occupied molecular orbital ͑HOMO͒ than to an electron in the lowest unoccupied molecular orbital ͑LUMO͒. 8, [10] [11] [12] In C 60 multilayers, solid-state band structure in the HOMO has not been observed, leading to contrasting viewpoints in the interpretation of experimental results on the strength of vibrational coupling. 11, [13] [14] [15] [16] [17] [18] [19] Some workers have claimed that vibrational coupling is much smaller in the solid than for the isolated molecule. 17, 18 Theoretical work, which did not consider vibrations, 14 shows that orientational disorder and the relatively large unit cell could explain some aspects of the experimental observations. 13, [15] [16] [17] [18] Experimental data at the critical points 16 differ strongly from the calculated results, however, suggesting that theory is far from a complete understanding. More recent experimental work has shown a significant role of such vibrational coupling for the HOMO in two dimensions 11 and for exciton dynamics in three dimensions. 19 These observations are difficult to reconcile with previous claims, suggesting that a new approach yielding more direct information on the vibrational coupling in such solids is needed.
Resonant photoemission spectroscopy ͑RPES͒ and resonant inelastic soft-x-ray scattering ͑RIXS͒ are core level excitation-deexcitation techniques which give access to electron dynamics on the femtosecond time scale. 20 Here, we apply these techniques in concert, to probe the dynamics of vibronic interactions.
Our experiments were carried out at Beamline I511 ͑Ref. 21͒ at MAX-lab in Lund, Sweden. The rotatable endstation is equipped with a Scienta SES-200 hemispherical electron analyzer 22 and an XES-300 soft x-ray emission spectrometer. 23 C 60 multilayers were deposited in situ onto the clean ͑111͒ surface of a Cu crystal. Photoelectron spectra ͑PES͒ were acquired at an overall resolution of 150 meV. The photon energy resolution of RPES and RIXS was 100 meV, and these spectra were collected with an energy resolution of 56 meV for the electrons and 150 meV for the x rays, respectively. PES and RPES were taken in near-normal emission, with a deviation of 8°in one direction from normal due to the construction of the measurement chamber. 24 We illustrate the electronic transitions of the applied experimental techniques in Fig. 1͑a͒ . In x-ray absorption spectroscopy ͑XAS͒ a 1s electron is promoted into a previously unoccupied electronic state. RPES and RIXS are described in a two-step picture. The first step is common for both techniques, consisting of the absorption of a photon, identical to XAS. In the second step different decay channels are examined. The excited state decays with the emission of ͑1͒ a valence electron in RPES or ͑2͒ an x-ray photon in RIXS.
In the first step of both resonant processes, RPES and RIXS, absorption into a specific distribution of vibrational states is involved, 20, 25 determined by the photon energy and bandwidth via the appropriate Franck-Condon factors. Moderate control of the vibrational excitations of each electronic state is exerted by tuning the photon energy. 6, 20 To illustrate the vibrational aspects, we show a simplified Franck-Condon diagram in Fig. 1͑b͒ . In the PES final state the ground-state vibrational wave function is projected onto the manifold of the 5h u −1 hole state. 8, 26 A similar projection is reflected in XAS. The two resonant processes differ as follows: ͑1͒ RPES projects the excited state onto the same manifold as PES; ͑2͒ RIXS projects it back onto the ground-state vibrational manifold. By varying the excitation energy through the LUMO-derived resonance, one increases the degree of intermediate vibrational excitation. Thus, by comparing both final states complementary information is accessible, allowing one to measure the effects of vibronic coupling as we will discuss below.
The RPES spectra are displayed in Fig. 2͑a͒ . We note that the main feature in these spectra disperses almost linearly with increasing excitation energy. The magnitude of the shift can be appreciated by comparison of, e.g., the curves collected for h = 284.27 eV and for h = 284.94 eV. The peaks shift up to half the energy separation between the peaks of the direct PES data, which is a dramatic effect on the scale of observed electronic energy dispersion. 17, 18 We assign this RPES energy dispersion solely to vibrational interactions, because, as illustrated in Fig. 1͑b͒ , the LUMO-derived resonance in the core excited state is lowered in energy, forming an exciton in the fundamental band gap 12, 20, 27, 28 of C 60 , and hence cannot exchange energy with other electronic states in a first-order process.
As already suggested in the discussion of Fig. 1 , vibrational structure determines the line shapes of the LUMOderived resonance. A simulation of its vibrational structure is presented in Fig. 2͑b͒ . The model ͑vertical lines͒ shown embodies linear coupling at finite temperature.
11,29 A convolution of the model ͑narrow solid line͒ with a 0.1 eV wide Lorentzian to account for the core hole lifetime and a 0.06 eV wide Gaussian for the energy resolution compares well with the overall shape of the experimental spectrum. The goal of the simulation is not a unique distribution of vibronic states, which would be well beyond the scope of this work, but is a guide to the number and density of states available. To examine the role of the core vibronic coupling, we display the variation in RPES cross section in Fig. 2͑b͒ . We first note that the total intensity variations in the RPES largely follow that of the LUMO-derived resonance for all three bands, as previously shown in less detail. 30 This can be taken as confirmation that the excitation of the C 1s electron is the dominant process in our data, ruling out significant contributions from interference between PES and RPES as a possible explanation for the observed gross intensity variations. 20 In Fig. 3͑a͒ we show that the RPES data are almost constant in kinetic energy despite the large increase in photon energy. This is in contradiction to the common observation of linear dispersion for participant decay. 20 To investigate intensity variations within the RPES data, the spectra shown in Fig. 3͑a͒ have been normalized to the area of the HOMO-2 structure. 31 While in direct PES the relative intensities are almost constant at these photon energies, the resonant spectra show strong variations within each band.
The variation in the relative peak intensities is displayed in Fig. 3͑b͒ . Above, we already discussed one reason why we rule out possible effects of interference between RPES and PES for the absolute cross sections. Further support is given by measurements taken at two orientations of light polarization and electron emission. In one geometry the light polarization was parallel, in the other perpendicular, to the electron emission direction. 32 The results were identical, showing that interference between PES and RPES is not responsible for the observed variations. 20, 33 Thus, the variation in relative cross section shown in Fig. 3 must be due to the particular vibrational configuration produced in the excitation step.
Generally, within the Born-Oppenheimer approximation, electronic transition cross sections are expected to be a purely electronic property ͑see, e.g., Ref. 34͒. Therefore, the RPES peaks are expected to exhibit constant relative intensity as one changes the number and type of vibrations excited, in contrast to the present observation. Many of the intramolecular vibrational modes of C 60 are nontotally symmetric, however, and should couple to the excitation into the LUMO-derived resonance, thereby mixing different electronic configurations in XAS; 25 we attribute the present observations to this coupling. This phenomenon has already been shown to lead to parity mixing in the radiative transitions, 6 ,35-37 but we assume that all Jahn-Teller modes could also contribute. To our knowledge, only small molecules show comparable variations in the RPES cross section. 38, 39 Since the cross section of each peak in the frontier valence spectrum ͑HOMO, HOMO-1, HOMO-2͒ varies almost uniformly in RPES, all the molecular level-derived bands contain the vibrational character implicit in the coupling described above over their entire width.
Crucial details of the vibronic coupling emerge in the RIXS spectra. In Fig. 4 two peaks can be resolved in the spectra; one distinct feature follows the excitation energy ͑which is the so-called elastic peak, clearly visible for the spectra taken at h ജ 284.65 eV as a shoulder or major peak͒ and a peak at a constant emission energy of Ϸ284.4 eV, with weak structures surrounding these two. The elastic peak is due primarily to diffuse reflection of the incoming photon beam, and the intensity should in general be highly dependent on, e.g., surface roughness. Therefore, we postulate a certain contribution from this source in all spectra. The rest of the spectrum is the RIXS participant signal. The data in Fig. 4 show that the strongest contribution to the latter is emitted at an almost constant energy, just as we observe in RPES. 40 Since RPES and RIXS probe different final states, there are two scenarios which can explain our observations. ͑1͒ Looking at Fig. 1͑b͒ , one possibility would be that the effective vibronic potentials of the ground state, PES final state, FIG. 3 . ͑Color online͒ ͑a͒ The spectra from Fig. 2 normalized to the area of the HOMO-2 structure as explained in the text, plotted on a kinetic energy scale. Two line shapes of the HOMO from direct photoemission, rescaled to match the extremal intensities of RPES and separated by 0.19 eV, are shown for comparison of line shape and energy separation for the two extreme cases in RPES. ͑b͒ Evolution of the peak areas of the three valence structures while exciting across the LUMO-derived resonance. Direct PES ͑RPES͒ is shown as open ͑filled͒ circles. Within the interval 284 to 285 eV, the contribution from direct photoemission has been subtracted from the raw RPES signal.
and XAS final state ͑LUMO-derived resonance͒ are all parallel, so that transitions among the vibrational levels during deexcitation should be suppressed. 41 However, this is ruled out directly based on the observed strong coupling in PES ͑Refs. 8 and 11͒ and XAS ͑simulation in Fig. 2͒ , showing that the ground-state potential is strongly shifted from both excited-state potentials. ͑2͒ The remaining possible explanation is that the strongest transition always proceeds from ͑almost͒ the same vibrational component in the intermediate state, although we explicitly vary the vibrational component of this state in the excitation step by tuning the photon energy. This would require a dissipation of vibrational energy in the intermediate state, placing the system effectively at the ͑0,0͒ transition. The deexcitation step for this scenario is suggested by dashed lines in Fig. 1͑b͒ . Since the deexcitation proceeds on a 5 fs time scale, 20, 27 this requires a rapid decoupling of the vibrations from the excited electronic state.
In the solid state such rapid decoupling was long ago incorporated in phenomenological models in which the excited vibrations can dissipate into the rest of the solid. 42, 43 This is found often to quench a coherent coupling upon deexcitation, which would explain the overall energy loss as observed here. In molecular solids, however, the intermediate electronic state is localized on a single molecule. 20 In these systems, only intramolecular vibrations couple strongly in XAS, which has been shown, e.g., by the minimal effects of changing the local environment from C 60 solid to Xe matrix 27 to gas phase. 44 The observation of very weak coupling to neighboring molecules is reasonable, considering the relatively large spacing between molecules in the solid ͑ϳ3.0 Å shell-to-shell͒, compared to the covalent bond length ͑ϳ1.4 Å͒. We also note that intermolecular vibrations are characterized by a time scale significantly larger than the core hole lifetime of 5.6 fs, whereas intramolecular vibrations oscillate on a comparable time scale. 45 Thus, the vibrations created in XAS must be considered localized on the probe molecule, but decoupled from the deexcitation process. Simulations of an atomic collision with C 60 show that the time for a vibrational pulse to travel from the front to the back of the molecule is much larger, 46 supporting the inference that an intramolecular vibrational pulse produced in the excitation step could disperse away from the core-excited atom, while remaining on the probed molecule.
The conclusion that the vibrations remain on the molecule provides a natural explanation of the cross-section observations in Fig. 3 -the vibrations continue to interact with the ͑spatially distributed͒ electronic states, thereby affecting their symmetry, and thus their overlap with the core hole. These effects should be level dependent, as observed. The present observations offer an explanation of similar shifts measured in RPES for polymers 47 and biisonicotinic acid multilayers. 48 To conclude, we combine resonant inelastic x-ray scattering and photoemission spectroscopies to study solid C 60 . We find evidence that the vibrations produced in the excitation step remain to a measurable degree on the probed molecule, affecting the given deexcitation step within an effective time scale of 5 fs. The present study shows that vibronic character extends throughout the observed electronic bands, in contrast to earlier claims. 17, 18 We also show that strong coupling between electronic and vibrational excitation on a single molecule leads to dephasing effects on the few-femtosecond time scale.
Since the behavior observed here corresponds to that of macroscopic systems, the C 60 molecule can be said to lie in the macroscopic domain of core hole vibronic coupling. Smaller aromatic molecules should provide further intermediate cases for study of this problem. We would like to acknowledge H. Köppel, L. S. Cederbaum, N. Manini, P. Hedegaard, and E. Tosatti for stimulating and useful discussions. This work was supported by the European Union ͑TMR Contract ERB FMRX-CT 970155͒, FOM ͑Netherlands͒, and the Consortium on Clusters and Ultrafine Particles, which is funded by Stiftelsen för Strategisk Forskning. L. K. thanks the National Natural Science Research Council ͑SNF͒. 4 . ͑Color online͒ RIXS data ͑dotted lines͒ taken at photon energies similar to the RPES data. The position of the elastic peak is indicated by a Gaussian ͑solid lines͒ centered at the incident photon energy. In the lowest three spectra the intensity of the elastic peak is estimated by the constraint that the result of subtracting the elastic peak should not induce structures not already apparent in the raw data.
